A series of SAHA cap derivatives was designed and prepared in good-to-excellent yields that varied from 49% to 95%. These derivatives were evaluated for their antiproliferative activity in several human cancer cell lines. Antiproliferative activity was observed for concentrations varying from 0.12 to >100 μM, and a molecular modeling approach of selected SAHA derivatives, based on available structural information of human HDAC8 in complex with SAHA, was performed. Strikingly, two compounds displayed up to 10-fold improved antileukemic activity with respect to SAHA; however, these compounds displayed antiproliferative activity similar to SAHA when assayed against solid tumorderived cell lines. A 10-fold improvement in the leukemic vs peripheral blood mononuclear cell therapeutic ratio, with no evident in vivo toxicity toward blood cells, was also observed. The hereindescribed compounds and method of synthesis will provide invaluable tools to investigate the molecular mechanism responsible for the reported selectively improved antileukemic activity.
Introduction
The reversible acetylation of lysine residues in histone tails plays a critical role in transcriptional activation and repression. 1, 2 The regulation of these post-translational modifications is balanced by opposing histone acetyltransferase (HAT a ) and histone deacetylase (HDAC) activities. Increased HDAC activity has generally been associated with transcriptional repression, whereas increased HAT activity (or HDAC inhibition) facilitates gene expression. 1, 2 HDACs are also involved in reversible acetylation of non-histone proteins. [3] [4] [5] There are around 20 human HDACs that fall into four classes 6, 7 based on their homology to yeast models: class I and II are zinc-dependent metallohydrolases, 6 whereas class III HDACs or sirtuins are NAD þ -dependent deacetylases. 8 Class IV, recently described (comprising only HDAC11), exhibits properties of both class I and class II HDACs. Treatment of tumor cells with general inhibitors of class I/II HDACs results in growth arrest, differentiation, and apoptosis, [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] promoting these enzymes as potential cancer drug targets. 12 In this context, numerous programs involving short chain fatty acids (butyrate and valproate derivatives), cyclic peptides, depsipeptide (FK-228), and hydroxamic acid derivatives are in both preclinical development and clinical trials. 13 Among all of these inhibitors, suberoyl anilide hydroxamic acid (SAHA, 1a) 14 has emerged as an effective therapeutic anticancer agent and recently gained FDA approval for the treatment of advanced cutaneous T-cell lymphoma. 15 Most HDAC inhibitors synthesized to date closely resemble the aliphatic acetyl-lysine substrate. These deliver an hydroxamic acid or other zinc-binding group to the catalytic zinc ion at the bottom of a narrow active site pocket, as seen in cocrystal structures of inhibited HDLP (HDAC-like protein), 16 HDAH (HDAC-like amidohydrolase), 17 and human HDAC8. 18 In addition to altering the metal-binding moiety toward a HDAC inhibitor design, the hydrocarbon linker has been diversified to focus on changing chain length, the creation of unsaturation points along the chain, and the inclusion of an arylcyclohexyl ring within the chain. [19] [20] [21] [22] Thus, distinguishing characteristics of HDAC inhibitors like SAHA have included a metal binding moiety, carbon linker, and capping group (Scheme 1).
On the basis of crystallographic analyses, the capping group is solvent-exposed and interacts with amino acids near the entrance of the active site. In contrast, the metal-binding moiety resides in the protein interior and complexes with the a Abbreviations: SAHA, suberoylanilide hydroxamic acid; HDAC, histone deacetylase; HAT, histone acetyltransferase; HDLP, histonedeacetylase-like protein; HDAH, histone-deacetylase-like amidohydrolase; BOP, benzotriazol-1-yloxytris(dimethylamino)phosphonium hexafluorophosphate. metal ion involved in catalysis. 16, 18, 32 However, the influence of substitution of the phenyl SAHA capping group remains unclear. This area of study remains relatively unexplored, most likely because the paths of synthesis described thus far have precluded such analogues from being easily produced. To the best of our knowledge, the four SAHA synthetic procedures described to date suffer from low yields and/or long reaction times (up to 28 h for the first three). [23] [24] [25] On the other hand, Gediya et al. 26 have reported an interesting expeditious SAHA synthetic route. However, no extension of such a procedure for the design of various SAHA derivatives has been envisioned, and no evaluation of their potent biological activities has been described. It is noteworthy that several unpublished variations of the SAHA structure seem to b The log D value has been estimated using Marvin software. c EC 50 (half maximal effective concentration) refers to the concentration of a drug inducing a response halfway between the baseline and maximum after a specified exposure time. 27 as well as by Meinke and co-workers from the Merck Research Laboratories. 28 However, these were too toxic to be considered as potential drug candidates.
In this paper, we report a mild two-step synthesis of a library of new substituted SAHA parent derivatives from commercially cheap available reagents (Scheme 2). This high-yield synthesis varies the nature of the hydrophobic capping group. While the presented chemistry might not be considered particularly new, to the best of our knowledge, the compounds and, more importantly, the influence of the capping group substitution in the antitumoral selectivity of the corresponding SAHA derivatives remain unclear and a few studies [29] [30] [31] have examined the impact of this part of molecule on its biological activities. Unexpectedly, the study reveals selective improvement in the antileukemic activity of some of these SAHA analogues.
Discussion
The first step consists of a peptide coupling reaction using various aniline derivatives and suberic acid monomethyl ester with an efficient and versatile benzotriazol-1-yloxytris-(dimethylamino)phosphonium hexafluorophosphate coupling reagent (BOP). 32 The obtained ester is successfully transformed into its corresponding hydroxamic derivative by using hydroxylamine (50% H 2 O) in refluxing methanol for 2 h. All of the synthesized products were obtained in goodto-excellent yields, varying from 49% to 95% (Table 1) .
1a-v were first examined for their antiproliferative and histone deacetylation activities in a cell-based assay. 1d, 1e, 1g-i, 1k, 1n, 1p, 1r, and 1s inhibited SKBR3-breast-derived cell line proliferation, with EC 50 values varying from 0.95 to 4 μM ( Figure 1 , Table 1 ). In contrast, 1b, 1c, 1q, 1m, 1o, 1f, 1l, 1j, and 1v derivatives displayed the weakest antiproliferative activity, with EC 50 values ranging from 8.5 to 73.5 μM; 1u and 1q proved inactive for concentrations up to 100 μM. As expected, the antiproliferative activity of the various compounds correlated well with their time-course ability to upregulate histone H4 acetylation and p21/WAF1 cell cycle inhibitor accumulation in treated cell extracts (Figure 2) .
The nature and presence of a substituent on the aryl moiety of the capping group greatly influence the antiproliferative activity of the considered compounds. The presence of a substituent in the ortho position reduced the compound's antiproliferative activity with respect to meta-or para-substituted derivatives. Nevertheless, in these two latter cases, the nature of the substituents greatly influences the activity. In contrast to iodo, naphthyl, or pyrene groups, electron-donating (e.g., NH 2 , NMe 2 , or OH) or electron-withdrawing (e.g., NO 2 or CN) groups did not improve the compound's antiproliferative activity. The results from these latter cases also suggest that the steric hindrance generated and hydrophobic nature of these groups constitute the most important factors to be taken into consideration during the design of most potent SAHA analogues.
Taking into consideration the log D parameter, which reflects the true behavior and bioavailability of an ionizable compound in a solution at a given pH, a significant correlation with antiproliferative activity was observed ( Figure 3 ). Indeed, derivatives displaying the highest log D values (e.g., the most hydrophobic derivatives 1k, 1p, and 1s) also displayed higher antiproliferative activity, in agreement with the previously mentioned results.
We thus developed a molecular approach for modeling selected SAHA derivatives based on available structural information regarding human HDAC8 in complex with SAHA (PDB code 1T69). 18, 33 For all the derivatives, the hydroxamate linker moiety adopted a very similar conformation in the binding pocket. In contrast, the orientation of the aromatic group varied, enabling the detection of two populations correlated to biological activities. In all active derivatives, the apolar head was found in the same orientation as SAHA in the X-ray structure; for inactive compounds, however, a different orientation was observed (Figures 4). The result was particularly striking with compounds 1f and 1g, which correspond to the meta and para isomers of the same compound ( Figure 4A ). The aromatic moiety of biologically active SAHA derivatives was found to be stabilized by direct interaction with the tyrosine Y306 residue.
The antiproliferative activity of the various SAHA derivatives was further investigated in various tumor-derived cell lines. Surprisingly, compared to SAHA, compounds 1d, 1e, 1g, 1h, 1i, 1k, 1n, 1p, 1r, 1s displayed more efficient antiproliferative activity toward the leukemia cell line U937. When assayed against the SKBR3 and HT29 solid tumor-derived cell lines, however, the antiproliferative activities of the same compounds were comparable to that of SAHA ( Figure 5A ).
Interestingly, this more efficient antiproliferative activity toward the leukemia cell line U937 was further verified on other leukemia cell lines ( Figure 5B) .
Hence, the pyrene variant 1s (EC 50 = 0.4 μM) and the iodosubstituted SAHA derivative 1k (EC 50 = 0.12 μM) proved 3-and 10-fold more active than SAHA (EC 50 = 1.2 μM), respectively, when assayed against U937 cells. In contrast, both compounds presented antiproliferative activity comparable to that of SAHA (EC 50 ≈ 1 μM) when evaluated in SKBR3 cells ( Figure 5C ). This differential activity of 1k and 1s correlated well with prolonged H4 acetylation and higher induction of p21 levels in comparison to SAHA-treated cells in U937 but not SKBR3 cells lines ( Figure 6 ). Together, these results indicate that the increased antiproliferative activity displayed by 1k and 1s toward leukemia cell lines does not result from increased broad toxicity. Indeed, when assayed on cultures of peripheral blood mononuclear cells from normal blood donors, 1k and 1s displayed cell toxicity comparable to that of SAHA (therapeutic ratios of 15, 30, and 155 for 1s, 1k, and SAHA, respectively) ( Figure 7 ). In vivo toxicity was also evaluated by monitoring the body weight, survival, and hematological numeration of blood cells from mice treated orally via forced feeding with 50 (mg/kg)/day of 1k and SAHA for 2 weeks (Table 2) . No deaths were observed among the differentially treated groups during either the treatment period or in the month following interruption of the treatment. Further, mice treated with 1k displayed indistinguishable Figure 6 . Western blot analysis of acetylated H4 and p21 levels in SKBR3 and U937 cells following treatment with SAHA analogues. Cells were examined after 6, 12, and 24 h of incubation with SAHA derivatives (2 μM) or solvent (DMSO). Bands were quantified using ImageJ, and results are presented after normalization of specific p21 and acetylated H4 signals to β-tubulin levels. Figure 7 . Dose-response activity of 1k, 1s, and 1u compared to SAHA in U937 cells and peripheral blood mononuclear cell (PBMC) cultures for the indicated range of concentrations (0.1-100 μM). Results are expressed as relative light units (RLUs). EC 50 values derived from these curves were used to calculate a therapeutic ratio (TR = EC 50 (PBMC)/EC 50 (U937)) and are presented in the table in the lower-right corner. body weights and hematological counts compared to both SAHA-treated and control mice.
The reason for the difference in cellular activity among these compounds is unclear, but it may be due to differences in the cellular permeability or, more likely, HDAC expression profile between leukemia cells and solid tumor-derived cell lines. To gain preliminary insight into this possibility, 1d, 1e, 1g-i, 1k, 1n, 1p, 1r, and 1s were compared to SAHA in a deacetylase activity assay using cell-derived HDAC1 (class I (Figure 8 ).
Conclusion
Potent SAHA derivatives with low micromolar range antiproliferative and histone hyperacetylation activities were obtained by increasing the size of the hydrophobic region (1s) or by substitution of the phenyl SAHA capping group in the meta or para position (e.g., as in derivative 1k). In this context, compounds displaying up to a 10-fold improvement in antileukemic activity compared to SAHA have been identified. The development of SAHA analogues like 1k with a peculiar profile of inhibition toward leukemic cells not only raises the question of the implication of distinct HDAC(s) and/or other molecular determinants in this pathology but also may be useful for dissecting their underlying biological functions. These compounds and the related method of synthesis described will thus provide invaluable tools to investigate further the underlying molecular basis of improved cell-specific antiproliferative activity. Such knowledge might prove useful in the future for improving selectivity while reducing the side effects of HDAC inhibitors developed in the clinic, particularly for the treatment of leukemias. These compounds may further represent valuable cancer therapy methods, for example, in association with other proapoptotic drugs.
Experimental Section
All solvents were purified according to reported procedures, and the reagents used were commercially available. Methanol, ethyl acetate, dichloromethane, and petroleum ether (35-60°C) were purchased from SDS and used without further purification. Column chromatography was performed on SDS silica gel (70-230 mesh).
H NMR and
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C NMR spectra were recorded in MeOD or DMSO-d 6 on a Bruker AC 300 spectrometer working at 300 and 75 MHz, respectively (the usual abbreviations are used: s, singlet; d, doublet; t, triplet; q:, quadruplet; m, multiplet). Tetramethylsilane was used as the internal standard. All chemical shifts are given in ppm. Purity (up to 95%) of all the synthesized compounds has been established by HPLC analysis, and mass spectroscopy analysis was performed by the Spectropole (Analytical Laboratory) of the University Paul C ezanne (Marseille, France).
General Procedure for the Synthesis of SAHA 1a and Its Parent Analogues 1b-v. In a 50 mL two-necked round flask, aniline (279 mg, 3 10 -3 mol) and methyl ester suberic acid (564 mg, 3 10 -3 mol) were placed in anhydrous dichloromethane (15 mL) at room temperature. The mixture was placed under stirring. Diisopropylamine (1.37 mL, 1.06 Â 10 -2 mol) was added, followed by the addition of the coupling reagent (BOP) (1.37 g, 3 Â 10 -3 mol) dissolved in 5 mL of CH 2 Cl 2 . The mixture was stirred for 12 h at 20°C. The solvent was removed under vacuum and the crude residue purified by chromatography on a silica gel column using EtOAc/petroleum ether as eluent (1/1 to 1/0). This procedure afforded the expected coupling product as a white solid at 85% yield. To a stirred solution of the previous derivative in methanol (15 mL) was added a solution of hydroxylamine (50% in water). The resulting solution was stirred for 3 h at 60°C. The solvent was removed under vacuum and the crude residue purified by chromatography on a silica gel column using EtOAc/MeOH Stock solutions of synthesized and commercial (Merck and Co., Inc.) suberoyl anilide hydroxamic acid (SAHA) as well as the synthesized SAHA derivatives (10 mM) dissolved in dimethyl sulfoxide (DMSO) were aliquotted and stored at -20°C.
In antiproliferative assays, compounds were assayed for their growth-inhibiting activity toward the described cancer cell lines or PBMCs using the CellTiter-Glo luminescent cell viability assay as described by the manufacturer (Promega Corp.). Briefly, for adherent cells, 10 4 cells were plated onto 96-well plates (white with clear bottom (3610, Corning Costar)) in 100 μL of media per well and were allowed to grow overnight before the assay. For cells growing in suspension, 10 4 cells were plated onto 96-well plates immediately before the assay. Compounds were added at different concentrations (varying from 100 to 0.1 μM) to each well, and cell cultures were incubated for 48 h. Vehicle (DMSO) was used as a control, and all compounds were tested in a constant percentage of DMSO (1%). After addition of 50 μL of CellTiter GLO, luminescence was measured using a Centro luminometer (Berthold). EC 50 values were determined as the dose of compound required to reduce luminescent values to 50% of the signal obtained for untreated cell cultures.
SDS-PAGE and Western Blot Analysis. SKBR3 and U937 cells (0.5 Â 10 6 ) were plated onto six-well cell culture dishes (Corning Costar) and cultured for 6, 12, and 24 h in 2 mL of media with the tested compounds (2 μM final concentration). At each time point, proteins were prepared from the total cell lysates obtained using 50 μL of SDS-PAGE sample buffer (80 mM Tris-HCl (pH 6.8, 2% SDS, 100 mM DTT, 10% glycerol, 0.1% bromophenol blue). Proteins were resolved by SDS-PAGE (15% acrylamide) and transferred to nitrocellulose membranes. After blocking with 5% BSA in TBS with 0.05% Tween (TBST buffer) for 1 h at room temperature, membranes were probed overnight at 4°C with antiacetylated H4 (Upstate) and anti-p21/WAF1 (Abcam) antibodies and for 1 h with an antitubulin β antibody (Sigma). Following incubation with the primary antibody, blots were washed three times for 10 min in TBST buffer, followed by incubation for 1 h at room temperature with secondary horseradish peroxidase-conjugated antimouse or antirabbit antibodies. After washing, luminescence was developed using WestPico reagent, as recommended by the manufacturer (Pierce). Films were scanned, and densitometric analysis was performed using ImageJ.
In Vivo Toxicity. The compounds were dissolved in a 50% Cremophor EL (Sigma)/50% ethanol mixture followed by heating (up to 60°C) and sonication for 30 min. Once the compound was in solution, water was added to generate the working solution.
Fvb mice were purchased from CERJ (Centre d'Elevage Roger Janvier, France). Mice were maintained under specific pathogen-free conditions in individual ventilated cages with acidified water. All animal procedures were performed in accordance with protocols approved by the local Committee for Animal Experimentation. The 8-week-old mice were randomly assigned to receive either compound 1a or 1k (n = 3 mice per group) at 50 mg/kg of body weight or vehicle (solvent-only control, n = 3 mice per group) by oral gavage five times per week for 2 weeks. Differential blood counts were assessed by retroorbital nonlethal eyebleeds before study initiation (J-5), during the study (J5), and at study end points (J12). Heparinized blood samples were immediately processed on a Medonic CA620 analyzer (Boule Medical AB) to determine a full blood picture profile (white cell count, hematocrit, red cell count, and platelet count).
Definition of the Active Site and Docking Parameters for FlexX. A structure-based drug design (SBDD) approach was applied on the 2.91 Å resolution crystallographic structure of human HDAC8 in complex with SAHA (Somoza et al. structure 18 (PDB code 1T69). We tested the five scoring functions of the Cscore Sybyl module 34 for docking experiments with FlexX 2.0: 35 FlexXscore, Gscore, Dscore, PMFscore, and Chemscore (http://www.biosolveit.de). We also rescored each docking with our in-house scoring function, GFscore (http://gfscore.cnrsmrs.fr). 36 The Tripos Sybyl "Structure Preparation Tool" was used to optimize the protein structure before use by FlexX 2.0. Hydrogen atoms were added, bumps and side chain amides corrected, and missing residues added and minimized. The newly obtained PDB file was then injected as such into FlexX 2.0.
For each docking, the "active site" used for docking always comprises a pocket containing all atoms of human HDAC8 no farther than 8 Å from the SAHA crystalline position with a coresubpocket of 3 Å around the SAHA residue. The best parameters were evaluated for each scoring function according to their ability to mimic the crystallographic pose of the SAHA ligand (we formerly corrected the SAHA structure and atom valences according to the NCBI Pubchem structural data server (http://pubchem.ncbi.nlm.nih.gov/)).
Docking with FlexX 2.0. FlexX 2.0 is an incremental construction-docking algorithm involving three steps. FlexX cuts ligand into fragments, places the best one into the binding site, and then makes an incremental construction of the whole ligand. Conformational flexibility of the ligand is taken into account by considering both torsion angle flexibility and conformational flexibility of ring systems. 37 FlexX by itself does not recognize receptor flexibility; rather, it sees proteins as rigid elements (bodies). Default FlexX parameters were used as supplied in the Tripos Sybyl 7.3.1 package to carry out flexible docking with 30 conformations for each molecule, using the place particle option as defined by Rarey et al. 38 We also adjusted the protonation state of "Receptor Descriptor File" residues to both protonated lysine and arginine residues as well as ionized aspartic and glutamic acids residues.
In Vitro HDAC Activity. The relative HDAC-inhibiting potential of each compound was tested against purified HDAC1 and HDAC6. Recombinant FLAG-tagged HDAC1 and HDAC6 were immunopurified from stable expressing cell lines according to previously described procedures. 39 For inhibition studies, the immunoprecipitated HDACs were washed twice with HDAC buffer (10 mM Tris-HCl, pH 8.0, 10 mM NaCl, 10% glycerol) and preincubated with each inhibitor in HDAC buffer for 30 min at 4°C. Beads were resuspended in 30 μL of HDAC buffer containing 20 000 cpm of a peracetylated H4 peptide. HDAC activity was determined after incubation for 2 h at 37°C. The reaction was stopped by adding 0.04 M acetic acid and 250 mM HCl. The mixture was extracted with ethyl acetate, and the released [ 
